Spence's research career (assisted by a D.S.I.R. research grant, 1926-28) began in physical-organic chemistry with Professor G. R. Clemo (later F.R.S.)-on 'the production and constitution of some polynuclear compounds derived from naphthalene', which led to his first (joint) scientific publications (1928 and 1931) . This work was concerned mainly with organic oxidation reactions, beginning with a study of condensation of aromatic ring structures by catalysed air oxidation of melts.
In 1928 Spence was awarded a Commonwealth Fund Fellowship at Princeton University, U.S.A., for three years. He had originally intended to take a course in chemical engineering, but found on arrival in Princeton that the chemical engineering department there had burnt down. So he transferred to the depart ment of physical chemistry and studied vapour phase oxidation of simple organic molecules (ethylene and acetylene) in collaboration with Professor (later Sir) Hugh Stott Taylor, F.R.S., and Professor G. B. Kistiakowsky respectively. There, in Princeton, he received an excellent physico-chemical training, and his investigations were of such merit that they were incorporated in the textbooks of that time, notably those of Hinshelwood, Kassel, Semenoff and BonhoefferHarteck.
Hugh Taylor rated Spence's scientific abilities and his personal characteristics most highly and the two men remained close friends all their lives.
But this training in research was only part of Spence's debt to America. Its national ideal of self-help and its national respect for hard work became part of his personal make-up. On many trips and journeys by road and rail covering about 50 000 miles, he learnt to make himself at home among all kinds of people under all kinds of circumstances. He took part in folk dancing festivals, rowed, skated over frozen lakes, swam in rivers, lakes and oceans, climbed mountains up to over 14 000 ft, and experienced the extremes of heat in the deserts and of cold in the mountains. Indeed, he always enjoyed tough living, and this together with his ability to win the cooperation of younger men probably accounts for his pleasure in rowing and coaching activities, which he continued at Princeton and later at Leeds.
With the firm resolve that none of these experiences should be wasted and that his subsequent doings should be commensurate with the great training he had received, he returned to England in 1931 and was appointed to a lectureship at Leeds University. Here he continued independently the oxidation work started in the United States. This work is chiefly of interest as one of the earliest attempts at a detailed application of the theory of chain reactions to combustion processes. Free radicals likely to be important in combustion processes were produced by the photolysis of gaseous methyl iodide and of acetone; he explored the mechanisms of these photolyses and some reactions of the free radicals. The outcome of this and the ensuing controversy was that the kinetic role of long-lived excited states of molecules such as acetone is now accepted.
At Leeds, Dr Spence was joined by Dr W. Wild (also a Commonwealth Fund Fellow) and they jointly studied the preparation of fairly stable monomeric formaldehyde, its vapour pressure and its thermal reaction with chlorine in the gas phase, as well as its photolysis at high temperature. This preoccupation with involved physico-chemical problems and his lectureship in physical chemistry at Leeds did not deter Spence from other activities: he became coach to the University Boat Club, and acted as Sub-Warden at Devonshire Hall (from 1934 to 1936) . At this time (1936) he married Kate Lockwood, one of his students at Leeds, who later completed a Ph.D. in chemistry. For forty years they shared an extremely close and happy partnership. Characteristically, they chose a most enterprising honeymoon; they spent five weeks on a canoe, roughing it on the deserted lakes of Finland. Indeed, both the Spences seemed to prefer the cold places of the Earth to Southern Europe and the Mediterranean for their future holidays.
At Leeds, Spence joined the Territorial Army and was commissioned in 1936 to command the University O.T.C., rising to the rank of Captain in 1939, then to Major and Lt-Col. in 1941 when he commanded the Leeds University Senior Training Corps which he brought up to battalion strength.
While at Leeds, Bob Spence (as he was called by his many friends) formed a lasting relationship with Wild, whom he later appointed as head of the Radiation Chemistry Branch at A.E.R.E., Harwell. When Spence joined the Harwell Directorate in 1960, Wild succeeded him as head of the Chemistry Division.
L eadership in action (the war years)
As the war progressed, Spence sought active service and applied for transfer to a tank regiment in the field. But, as better use could be made of men with his qualifications, he was instead seconded by the Army to the Ministry of Aircraft Production and sent to the Middle East in July 1942 as Chemical Warfare Adviser H.Q., R.A.F., with the rank of Hon. Wing Commander. To his new colleagues and subordinates in the R.A.F. he appeared to be a most unusual officer. Here was a man who was intensely friendly to everyone irrespective of rank or social position. He took it for granted that others would behave to him as he did to them-and they did. His philosophy in the field was that of a totally committed scientist-who applied the logic of research. He would study the facts, analyse them, test them and then repeat the process.
He clearly possessed outstanding qualities of leadership, setting himself a very high standard of performance, and by his friendliness, example and enthusiasm he was able to encourage others to give their best. He guided people by mutual participation, by team work and without formality or red tape. As Dr C. M. Nicholls, then one of his junior officers and now in the Harwell Directorate, has said: 'I have no recollection of ever receiving from him an order other than by word of mouth, and usually by suggestion rather than explicit order. He was never a man to indulge in the usual bureaucratic documentation of actions and orders for purely defensive reasons'.
This wartime technical work in the Middle East and later in Italy had some significant results. The first really large-scale trial-using an oil substitute-of a mustard gas bombing attack under hot conditions was carried out at Petah Tiqua airfield in Palestine in 1943. Contrary to much current 'opinion', Spence was able to show that (with air temperature in the eighties) such attacks presented a very serious vapour hazard, a conclusion which was substantiated later by American and British trials.
To meet a shortage in the Middle East of standard 'smoke' equipment, Spence developed a new method, using the air blast from the propeller of an aero engine to disperse large quantities of chlorosulphonic acid. A few preliminary bench tests showed that the blast tended to concentrate in a fairly small area some 15 ft behind the propeller, so he arranged for the CSA to be released there. The result was a dense cloud of smoke extending over several miles obscuring everything. The output of smoke from this device was about 50 times greater than that of the American 'Langmuir' oil smoke generator, which appeared at this time in the Middle East, and it caused great interest in the Navy. In fact, a flotilla of L.C.M. fitted with these new devices were used to good effect in the invasion of Elba and afterwards of Southern France.
As the war in North Africa came to an end, Spence was transferred to the new Mediterranean Allied Air Forces at Caserta in Italy. He left Egypt with some regret, having been deeply impressed by the desert, the monuments, the great river and the cheerful, hard-working Egyptian labourers.
In Italy new problems awaited him. In the coastal regions malaria presented a serious military problem. On Spence's suggestion the R.A.F. adopted the mustard gas spraying technique which had to be suitably adapted to D D Tkerosene solutions. These operations were so successful that they led to the formation of an 'Anti-malarial Flight'.
In November 1944, Spence returned to Britain to report on the anti-malarial spray development, and thereafter transferred his interests to fuels for jet engines. He prepared for the Director of Scientific Research, Ministry of Aircraft Production, a survey of the whole range of possible fuels, both organic and inorganic, indicating clearly the classes of substance worthy of special study.
T he birth of a new industry
In June 1945 Spence joined the atomic research team in Montreal, Canada, which was then headed by John Cockcroft. The latter had been appointed its director only in 1944, and faced overwhelming technical, scientific and political problems.
Spence described his first interview in London with Cockcroft in the D.S.I.R. offices in Old Queen Street, early in 1945. Cockcroft was wearing an overcoat and a hat, probably having just got off the 'plane from Canada. Spence explained (according to him in far too many words) that he knew nothing about radio chemistry, but that he was willing to try. There was a short pause, and then Cockcroft just said 'Yes!' Spence's primary objective was to lay the foundations for plutonium and fission product separation processes, not only to provide plutonium for A-bombs, but also to permit economical and safe disposal of the fission products, if and when atomic reactors were used for the large scale production of energy. This task included the provision of laboratories capable of dealing with the highly active and toxic materials. A further responsibility was the selection and training of the large numbers of scientists which would be required for the research and development work later in England.
It is impossible to appreciate Spence's contribution without outlining the existing state of affairs. The chemical team consisted of about a dozen chemists and assistants with laboratory facilities inadequate for an industrial research and development project of that magnitude. A good deal of work had been done in Montreal (since 1942), by the Anglo-French-Canadian team studying the behaviour of uranium, plutonium and fission products (mostly in trace quantities), and developing radioactive handling techniques and some analytical methods. But this work had proceeded in a leisurely university atmosphere, in the hope that the missing links would be provided by the U.S.A. which, at this time, ran a vastly greater research effort and with which Britain had earlier had a close atomic relationship. But even by 1943 this information exchange had greatly declined; the British team never had access to the large scale U.S. plants for the production, separation and purification of plutonium and even British knowledge of the metallurgy of plutonium was very limited. But one essential asset, derived from this early collaboration with the U.S., had been the supply of two irradiated fuel elements to the Canadian project.
Spence immediately realized the need for a chemical engineering contingent and invited Dr C. M. Nicholls to take charge of it. The first process to be developed required the recovery of plutonium in kilogram quantities from tens of tons of irradiated uranium. The specifications for these separations were of an unheard-of stringency.
After irradiation in reactors for the production of bomb-plutonium, the uranium would contain about 0.017% of plutonium and 0.03% of highly radioactive fission products. More than 99.9% of both the uranium and the plutonium had to be recovered, and, as both these recovered materials had to go through further unshielded processes, a decontamination from radioactive fission products by a factor of 108 was essential. (That means that the contamination of the uranium with fission products must not exceed one millionth of 1%.) The knowledge of the chemistry of Pu at that time was not only inadequate for devising such a process, but the quantities of Pu available for experimental studies to establish its properties and the necessary analytical methods con sisted of a total of 15 mg, which first had to be extracted from the two uran ium slugs irradiated in the Hanford piles in U.S.A. The Americans, at that time, used a coprecipitation process to recover the Pu only, leaving the U with the fission products. (In 1943 when they designed their plants it was the only available method.) When Spence arrived in Montreal in 1945, the team under its French leader, Dr B. L. Goldschmidt, had recommended a batch solvent extraction method using triglycol dichloride as solvent. Though an improvement on the coprecipitation process, it still left the bulk of the uranium with the radioactive fission products, thus leaving a highly radioactive waste, which on a large production scale would have created unmanageable problems.
In January 1946 Dr Goldschmidt returned to France and Spence became the team leader. He and the group leaders then decided that a continuous multi stage solvent extraction plant would be most suitable for an industrial plant. The process would have to separate the uranium from the F.Ps and, moreover, ammonium nitrate, which up to then had been used everywhere as a salting-out agent, would be replaced by nitric acid. This offered the possibility of concentrat ing the fission product waste solutions by direct evaporation of the nitric acid, thereby reducing the long-term storage problem more than a hundred-fold. But obtaining the equilibrium and kinetic information which the chemical engineer conventionally would need to design a continuous counter-current solvent extraction plant was impossible with the few milligrams of plutonium in hand and the limited time and effort available, not to mention the embryonic state of knowledge about extraction chemistry of the elements involved. In simple systems, where the partition coefficients remain constant, it is possible to predict the behaviour of a counter-current extractor. Unfortunately, in the multi-component systems under consideration, the partition coefficients of each of the components varied in an unpredictable manner with the concentrations of each of the major components. In any case, it was not appreciated at that time that certain fission product complexes were not stable and aged during the course of the extraction.
Any systematic study of these partition coefficients was ruled out by the astronomical number of data required in a multi-component system of this kind.
The operation of experimental columns using actual concentrations, even on the smallest practical scale, was equally impossible for want of sufficient plutonium.
It was Spence who formed the idea of simulating the behaviour of countercurrent extractors, by devising a system of equilibrating test tubes, each tube corresponding to one theoretical stage in a counter-current column. This micro system made it possible to reproduce in the laboratory the conditions to be expected in a plant, under the actual concentrations of plutonium, uranium and salting-out agent (at first ammonium nitrate, later nitric acid). It still represented a phenomenal amount of chemical effort particularly as almost the whole stock of plutonium had to be invested in each experiment, and then recovered before the next experiment could be undertaken.
The system of (individual) equilibration tubes is shown in figure 1 . The organic and aqueous phases were moved manually, and new tubes were added as re quired, thus simulating the flow of the organic solution counter-current to the aqueous phase. This made it possible to study the large number of solution equilibria, and it also simulated the manner in which a column would reach its steady state, an important feature for a future plant operation.
Several processes were tested in this way, both with ammonium nitrate and with nitric acid as salting-out agents, and the most promising of these 
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8 AS FOR STEP 2. dibutylcarbitol (dibutoxy diethyl ether) with 3-normal nitric acid seemed to be best suited to the British requirements. While all this was going on, Spence's other tasks were to recruit good staff for his future Division at Harwell (which necessitated frequent visits to England) and to lay the groundwork for designing and building the radio-chemical Laboratory there. This laboratory had to provide the facilities for the whole range of radiations (a, [3, y), each requiring their separate health precautions. The most important precaution was prevention of the radio-active dust hazardand this required ventilation plant on a truly colossal scale. Within about half a year his plans had sufficiently advanced for a party from the Ministry of Works (who were to be responsible for the detailed design and construction) to visit Canada early in 1946, and the most important details were hammered out there in joint discussion. The final design was then done by a large team of Ministry of Works designers of all disciplines. The building was completed in 1950, though much of it was already in use in 1949. In the recent words of one of these designers (Geoffrey Harbert): 'Thirty years have elapsed since those early discussions. The building stands today, fully utilized, much as Bob Spence had conceived it-a monument to his sagacity and foresight' (see figure 2) . The building, its layout and content formed one of the major exhibits during the visit of the Royal Society to Harwell on the occasion of its tercentenary celebrations in 1960 .
The chemists at Chalk River and Harwell, fired by Spence's example and leadership, were notably enthusiastic for-and successful in-their applied atomic energy research. The programme to produce the plutonium required for a bomb test in 1952 involved a very large engineering development-the design and construction of a fuel element production plant and nuclear reactors as well as the chemical separation plant. The problems of chemical separation and all the various auxiliary processes were greater than those of the other plants, while the timetable made their development extremely urgent. Before a plant could be designed, every detail of its chemistry had to be known, including the stability of the solvent under radiation and heat conditions. Spence and his team had to work under great difficulties, because the laboratory accommodation at Chalk River was cramped and unsophisticated. Yet design on the chemical plants had to start by the end of 1947.
The British atomic energy project, which had its research establishment at Harwell, also had a Production Division with headquarters at Risley in Lancashire. During the summer of 1947 a liaison officer from the chemical design office at Risley had been attached to Dr Spence's group in Canada, and in the autumn he reported that work was far enough forward for a directorial team to study Spence's work at Chalk River. Christopher Hinton,* head of the Produc tion Division, with Philip Baxter (now Sir Philip), then Research Director in the General Chemicals Division of I.C.I., and Charles Turner, then the engineer in charge of the Risley Chemical Design Office, spent two weeks at Chalk River in September 1947, reading Spence's reports, looking at the experimental work and discussing the process with him. It was clear that Hinton would much have preferred a conventional and proved process, and it was clear too that the new process was not only novel, but complicated, and that the design of the highly radio-active plant (most of which one had to assume would not be accessible for repairs) would be very difficult. But in spite of this, all felt reasonably certain that Spence's work provided the basis for a workable plant. In Hinton's words, 'Spence's transparent honesty, his modesty, and his lucidity were a great help to us in considering the process he had worked out'.
There were many other difficulties to overcome mostly arising from the urgency of the programme and from factors outside Spence's control (some of them described in detail in the book by Professor Margaret M. Gowing*)-notably the late completion of his hot laboratories at Harwell. In mid -1949 Hinton feared that because the research and development had not kept up to the programme, he might not be able to produce the plutonium by the date required. Hinton 'would put the odds at 10 : 1 against getting more than 25% of the programmed output from the plant to be built at Windscale, Cumberland, within two years of the starting date'. But just at this moment of greatest uncertainty came news of the first successful column extraction run on the Chalk River pilot plant (under Dr Nicholls) which suggested that, in principle, Spence's process would work perfectly.
Indeed, according to Margaret Gowing, the research by Spence's teams provided the best possible justification of his methods of applying the principles of academic science to industrial thinking. If the work had been less fundamental in concept and directed by someone with less intuitive scientific understanding and imagination, it might have failed. 'It proved to be a most remarkable piece of applied science, and one that Hinton never ceased to praise. ' In spite of all the forebodings, the primary separation plant, a fully automated and highly sophisticated piece of engineering of novel design, 200 ft in height, was a triumphant success. It not only started plutonium separation on the planned date (February 1952), but its performance was better than scheduled and the finished plutonium metal for the first British A-bomb was delivered six months later.
In the recent words of Lord Hinton: 'I doubt whether, when the time factor is taken into account, there has been anything in chemical research, development and industrial design which equals it. Starting with an amount of plutonium that could be put on the head of a pin, Spence evolved, in principle and in its detailed chemistry, a plant which with its ancillaries cost j£10M at 1950 prices. That plant did all and more than was expected of it.' And within that constricted time-scale-the more exacting because of his other duties (he was appointed Chief Chemist at Harwell in 1950)-Spence and his teams also provided the detailed plans for the Radio-chemical Laboratory at Harwell, and the chemical processes for the plants for uranium purification, for plutonium purification
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(leading to plutonium metal production) and for polonium production. All these plants met the extremely tight programme. Spence was one of the key figures without whose prodigious efforts and fore sight the early successes of British atomic development would not have matured in the required time, and possibly might not have matured at all. His outstanding contribution was recognized by his appointment as a Commander of the Order of the Bath (C.B.) in 1953, a modest reward for quite outstanding achievements. When the first British atomic bomb was exploded at Monte Bello, Lord Cherwell (previously Professor Lindemann) commented: 'With a different organization it would have been two or three years earlier.' Perhaps the best answer to such a profound statement is from Spence's speech at a Harwell Senior Staff Meeting in 1964: 'Discoveries cannot be produced either by organization or by administra tive decree. It is essential to create a free and lively intellectual atmosphere and to establish a high standard of criticism!' He certainly had done that.
T owards peaceful uses of atomic energy
In spite of his exceedingly successful activities during the war and in providing the essential chemistry towards the making of the A-bomb, Spence was a most peaceful character. In all the 21 years I spent with him at Harwell, I never saw him angry or offended. These war weapon activities were to him a natural service to his country, and the work on the Pu-separation plant was moreover a first and necessary development towards the wider applications of atomic energy. Indeed, throughout his later life he had the strongest possible faith in the peaceful uses of nuclear power.
The selection of his staff differed very substantially from that at the other atomic establishments. Whenever possible, he interviewed personally the candidates for posts in the Chemistry Division, and preferred to select scientists with good academic degrees, who had shown in their work a critical approach and scientific initiative, and who exhibited the determination to be useful members of society. He appreciated not only the value of the 'good mixer' and organizer, but also the need for the 'individualist' who can develop an independent point of view: 'Success', he said, 'comes to those who have the faith and the energy to move mountains, but it is also necessary to recognize a mountain when you see one.' Though he fully appreciated the need for supporting the Production Division (later the Industrial Group) of the atomic energy project, he also firmly advocated the scientific and logical pursuit of long-term research. 'If we cultivate practical results to the exclusion of true knowledge and the mastery of our field, then we shall never achieve that mastery at all!' 'A body of research workers provides the seed corn for future development, and is an insurance against an emergency.' Indeed, his encouragement of potentially worth-while ideas was one of the things most valued by his staff. He tried to recruit to his staff, particularly his senior staff, scientists with widely different approaches and backgrounds. He succeeded in fostering a spirit of cooperation which was not just planned-it simply emanated from the personality of Bob Spence. Dogmatic attitudes, personal antipathies and 'red tape' had very little sway. He also sponsored maximum cooperation with members of other Divisions. 'The full exploitation and realization of all the potential benefits of atomic energy demands the cooperation of many different kinds of scientists and engineers.' He himself had a wide understanding of the problems facing physicists, metallurgists, engineers, mathematicians and computer and electronics specialists, and he appreciated universality in others. He once jokingly announced, 'I am proud to report that our Director, Sir John Cockcroft, is well on the way to becoming a fully fledged member of the chemical community, and is now showing exceptional promise in the advanced course on chemical separation processes!' While Spence supported and fully understood the value of 'curiosity-oriented long-term research' (indeed his early work was of this type) he yet had at least as high a regard for technology, and he expressed this regard on many occasions:
'At one time, it was commonly thought that a man of culture could only concern himself with pure science, and that technology was suitable only for the less able and discriminating minds. That situation is now very different, and technology can indeed take its place alongside pure science as a field for the ablest minds.' Or:
'Official recognition of the requirements of the new technological age which is dawning-based perhaps on nuclear energy and operated by automation-represents a turning point in our national development. ' 'The real problem (of the plutonium separation process) lay not so much in establishing the chemical principles, as in deciding how the essential objectives of a real plant could be achieved.' And:
'Technology is an intellectual activity-it is not merely a means of earning a subsistence. It permits one to take part in some of the greatest of human adventures on the very frontiers of knowledge.' Yet he felt a strong conviction that other aspects of life must not be neglected. He considered it essential 'to come to terms with Big Science and advanced technology in a way which allows human beings to live happy and fruitful lives'.
It is clear that during the decade before 1952 Spence changed from a curiosityoriented scientist to a practical technologist with long-term aims, but without losing either his dedication to pure science or his intense humanity. This change was clearly reflected in the way he organized and led his division of some 300 research chemists at Harwell. At the very beginning (1948) the Chemistry Division had been organized into sub-divisions on university lines: inorganic, physical, radiation, organic, analytical, etc. Spence modified the pattern. His idea for an organization of project teams was contained in an early letter from Chalk River to J. D. Cockcroft, dated 4 September 1947. He wrote.:
'I have been deeply impressed, during this work, by the great power of a well-organized team and have been considering how such teams might be run in the Chemistry Division (at Harwell). I think there might be such a thing as a Chemical Operational Research Group composed of people of varied experience who are prepared and expect to tackle anything. The fundamental work would be done by smaller, more leisurely groups on the usual university lines. The operational groups would break into the new fields, seeking out the basic facts and general relationships needed by the technology of the project on the one hand, and by the fundamental research groups on the other.' In the 1950s, as he indicated in his 1957 paper to the Royal Society (Spence 1957) , the emphasis was on:
(1) raw materials (2) production of fuel elements and special reactor materials (3) reactor chemistry (4) chemical processing of irradiated materials (5) disposal and utilisation of radioactive wastes. To carry out these aims, Spence divided the staff into specialized groups of up to 20 scientists, working on, for example, reactor chemistry, chemical processing, fission product technology, heavy elements chemistry, general radio-chemistry, analytical chemistry and preparative chemistry. The first two were essentially 'operational groups', the others represented combinations of 'operations and research', or 'service and research'. There were also smaller sections dealing with physical, radiation and organic chemistry, emission spectroscopy and instru mentation.
In conjunction with this group structure Spence, as Chief Chemist, instigated various A.E.R.E. discussion groups and working parties which studied chemical problems in different reactor types and specific plants. These dealt with the High-temperature Reactor, the Organic Moderated Reactor, the Fused Salt Reactor, the Homogeneous Aqueous Reactor, corrosion in gas-cooled reactors, with the second chemical separation plant, fission product disposal, fission product sources production, chemical problems in the diffusion plant, design of accelerators for chemical studies, etc. (With hindsight, it may be argued that the Harwell net was cast too wide to make an effective contribution in all these fields, but it conformed well with the overall policy in the 1950s when the country's economic capabilities were grossly overestimated.)
In these groups and working parties, some small, some large, scientists met the members of other divisions and other establishments in a common cause. This, together with selected visits to international conferences and foreign research institutes, produced a cross-fertilization of ideas throughout the whole field of atomic energy. Spence was convinced that a large establishment, operating as an organic whole, offers certain special advantages which are absent in smaller units. The record of Harwell's scientific and technological productivity seems to bear testimony to his conviction. Naturally all this technological research touched on many fundamental points of general interest, and those scientists who had their eyes open could always count on Spence's whole-hearted support for their curiosity-oriented research, provided that they did not abstract much of the scientific workforce for this purpose, and provided that they kept themselves available for the administrative and technological tasks of the Division.
One of Spence's most successful enterprises was a continuing committee which from 1952 to 1968, under various names, concerned itself with the critical discussion of the chemical and other technological problems of nuclear reactors. This was not a policy and programming committee where people talk about numbers of staff allocated and how much money they are or are not going to get; it was a discussion of scientific topics of technological importance, usually selected by Spence himself, introduced by papers contributed by senior people from all parts of U.K.A.E.A. which were studied by the participants beforehand. The meetings took place not only at Harwell but occasionally at other sites of the Authority, and usually included visits to plants and laboratories; the discussions were solely concerned with technological and scientific elucidation, and frequently aimed at comparing alternative solutions to existing problems. These meetings had a most stimulating effect, and often provided the starting point for both smaller and larger developments. They led to the setting up of smaller working parties which recommended to the main committee the initia tion of major projects.
Strangely enough, Spence had to fight, at intervals, for the continuation of some of these committees. Clearly the procedure was rather unusual; it was also time consuming for the most competent scientific staff, including Spence himself. But the results, which in some cases led to the saving of millions of pounds, more than paid for the effort. Spence's personal leadership was an essential part of the success of this committee, and when he left Harwell in 1968 this most successful system of Authority-wide cross-fertilization soon fell into disuse.
It would take much too long to mention all the results of Spence's activities as Chief Chemist and as head of the Chemistry Division. But one example at least should be described, as it demonstrates Spence's remarkable foresight in almost all problems of the nuclear reactor field.
Long before the construction of the first C 0 2-cooled reactors at Calder Hall and Chapel Cross,* it was recognized that C 0 2-graphite corrosion was the factor limiting design of more advanced reactors of this type. Spence therefore gave this work high priority and gathered together the best people at Harwell and from outside to advise on this problem. In the Reactor Chemistry Research Committee he constantly emphasized that the Magnox reactors-and even more the later Advanced Gas-cooled Reactors (A.G.R.)-were complex chemical plants. He personally warned that the presence in the coolant of the elements carbon, oxygen and hydrogen could-in a radiation field-lead to the formation of many complex compounds. The greatly welcomed discovery that small additions of CH4 could much reduce the rate of the radiolytic C 0 2/C reaction caused him to strengthen this warning. In 1963 he strongly advised delaying methane additions to the Windscale A.G.R., and warned that otherwise carbon deposition arising from organic compounds might be expected to build up in the coolant. By 1966 the build-up of organic compounds from this cause was indeed confirmed, and by
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Adjacent to Windscale on the Cumbrian coast, and on the coast of Annan, respectively. 1970 (after Spence had left the U.K.A.E.A.) it had become clear that this feature was a serious limitation on A.G.R. coolant composition.
Another instance of Spence's foresight dealt with the feasibility studies of commercial A.G.R.s. He was concerned over the extrapolation from the longest practicable test of moderator oxidation to the whole life of the moderator. The graphite physicists could achieve the lifetime dose of the reactor graphite by using the high flux of the Dounreay Fast Reactor. But Spence predicted that the use of an inert gas atmosphere in these tests neglected radiolytic oxidation of the graphite. He visualized that there might occur an interaction between the physical and chemical changes taking place simultaneously. It took more than a decade to show experimentally that such interaction could be significant. As recently as 1975, the technically difficult and expensive quantitative test of the moderator behaviour over long periods was being re-examined, and careful tests of the moderator behaviour over long periods under the conditions envisaged by Bob Spence are still continuing as part of the reactor programme.
It is to the credit of Spence and his team of 'coolant' chemists that no delays in the commissioning of the A.G.R.s resulted from unforeseen coolant reactions. But some things went wrong despite being foreseen. All conceivable chemical reactions in the reactors had been discussed in great detail in the committees set up by Spence. One was the corrosion by C 0 2 of mild steel bolts in the reactor structure, and specific recommendations were made in his Reactor Chemical Technology Committee for the correct specifications of the bolts. But somewhere in the construction by the commercial consortia these recommendations were ignored, and mild steel bolts were used, with the result that the operating temperature of several Magnox power stations had to be reduced. Spence's views on this were quite unambiguous:
'A new reactor always involves complex and often new chemical problems. Thus it is primarily not a problem for physicists and engineers. Their task should begin only after the chemical and metallurgical problems of the reactor materials have been given an exhaustive study under the expected conditions, and after all the compatibility problems have been eliminated'.
Spence always felt an overriding responsibility for the Atomic Energy Authority as a whole. When, in October 1957, the accident at the Windscale Pile no. 1 occurred, he personally mobilized within hours all the appropriate radio chemists at Harwell and organized them to produce evidence relevant to the causes as well as the possible consequences of the accident. But he did not rest at that, and immediately set up a 'Plutonium and Aerosol Working Party' to cover all the problems associated with any future sudden accidental emission of radio activity into the amosphere. This became a major combined effort of the Chemistry, Chemical Engineering and Health Physics Divisions. Shortly after the accident, the Prime Minister appointed three committees under the chair manship of Sir Alexander (later Lord) Fleck to examine its various aspects.
Spence made a valuable contribution to the Fleck Technical Evaluation
Committee both as chairman of a working party on filters and as member of a working party on Wigner releases. Spence As regards national committees of wider scope, he took part in the 'Chief Scientists' Meeting' and in this capacity became a member of the Defence Council He served terms on the Councils of the Chemical Society, the Faraday Society and the Royal Institute of Chemistry. For four years he was on a Government Grant Board of the Royal Society, and for many years he took an active part in the work of the Royal Society's Scientific Research in Schools Committee, of which he was chairman from April 1971 until his death. He also served on the Governing Body of the University of Aston in Birmingham, from its formation as a technical university until his own retirement from Canterbury. Though not a permanent member, he was frequently of assistance to the University Grants Committee.
M ajor research programmes carried out or initiated by Robert Spence
Though Spence's successes clearly lay in conceiving and organizing major industrial processes and improvements to these, he did reserve, from the start, a small fraction of his time to study with the help of a single assistant (R. Streeton) problems of an experimental nature.
A. Rotary extractor
In May 1950, he remembered the great difficulties of the Canadian team in developing a counter-current extraction process when there were only milligram quantities of plutonium available. A counter-current micro-extractor, if available, would have greatly simplified and shortened this work. This thought stimulated him to produce a suitable micro-adaptation of a rotary contactor, first described in a thesis in 1928, by K. Tiedcke, consisting of two coaxial cylinders, the inner one of which rotates. When two liquids pass through the annular space, in counter-current flow, then at some critical rotation velocity (about 60 cm/s) the disperse phase is broken up into small droplets that are carried into the vortices which form pairs rotating in opposite direction, an instability which was later theoretically investigated by G. I. Taylor, F.R.S. When a solute is contained in one of the phases, partial transfer of the solute into the other phase is attained within these vortices, and a number of these vortices (depending on the speed of transfer relative to the motion of the fluids) can then be taken as an 'effective theoretical plate' for such an extraction column. Spence applied this system to the solvent extraction of uranium from an aqueous nitric acid solution into dibutylcarbitol (Butex), varying all the physical and chemical parameters of the system and analysing the results on the basis of Taylor's treatment. Moreover, he studied the transfer mechanism of the uranyl nitrate across the interface between the two liquid phases. It was found possible to reduce the theoretical plate height of these extraction columns down to values around 1.5 cm, while those of technical solvent extraction columns are about one to two orders of magnitude larger. The liquid volumes contained in a 'theoretical plate' are four to five orders of magnitude smaller, which makes these rotary columns a very useful analytical tool.
B. Uranium from sea water
One of Spence's most determined efforts was aimed at studying the possibility of obtaining uranium in bulk quantities from sea water. The idea was clearly inspired by Haber's early attempts to extract gold from sea water shortly after World War I. But while gold occurs in the sea largely in colloidal form, uranium occurs in true solution as the anionic tri-carbonato complex U 0 2(C 03)34~ (as was shown by T. Kennedy at Harwell) and this greatly facilitates extraction.
Experiments were made with the rotary micro-extractor described above to recover uranium from sea water (by R. Streeton). The solvent, dibutylphosphate in kerosene, was contacted with acidified sea water and the organic solution together with the extracted uranium was then washed with aqueous sodium carbonate in a second rotary contactor and the pure solvent was then returned to the first column, so that there was a continuous build-up of uranium in the carbonate solution. Extraction appeared to be quantitative, and 60 pg of uranium were obtained from 20 1 of sea water. A more careful series of determina tions was later carried out by the Analytical Group at Harwell, who found that the uranium concentration in sea water (3.34 x 10-6 g/1) is remarkably constant.
Thus the ocean is a virtually limitless reservoir of uranium in solution in a well-defined chemical environment, with a total quantity of uranium in the sea of about 4 x 109 tonnes. But the problem of economically obtaining from this even a modest fraction remained formidable. Solvent extraction was clearly ruled out because of uneconomical solvent losses. Any extractant must operate at the pH of the sea, be virtually insoluble and remain operative for very long times.
Spence set in motion a major effort to study resins and other organic absorbents, as well as inorganic materials, both at the Chemical Research Laboratory at Teddington and at A.E.R.E., Harwell. One of the best materials appeared to be resins with resorcinol arsenic acid as the active group, which absorbed about 1 mg of uranium per gram of resin, with a contact time of 100 days, but that material slowly deteriorated as the result of a hydrolytic attack.
Inorganic materials reacted more rapidly but had somewhat lower uptake capacities; only one of these, hydrated titanium oxide, was sufficiently stable.
Experiments on an ever-increasing scale were begun in 1952, starting with sea water brought to Harwell by tanker, and eventually several ad hoc laboratories were set up near Portland Harbour in suitable positions affording an adequate flow of water with each tide. These small scale experiments did have some success and 'the first gram' of uranium so produced was formally presented to Dr Spence in 1965.
The best tested materials for adsorption were granules of dried Ti(OH)4 (N. Keen). For the subsequent elution of the uranium, solutions of sodium bicarbonate or ammonium carbonate were found useful. Repeated saturation and elution tests showed that Ti(OH)4 remained active after many cycles. By 1969 the general feeling was that a practical system could be envisaged, but that the cost of the uranium so produced would be a multiple of the current world pricewhich is still true today. Spence's process is, however, likely to become of major interest again when the uranium-rich minerals of the world have been used up. It is notable that in Japan, which has no indigenous fuels, the work pioneered by Spence is being continued.
C. Basic research
Several important fields of basic research which owed their inspiration to Spence and which could not have materialized without his determined support were the basic chemistry of polonium and the isolation and purification of protactinium.
(i) Polonium
Polonium is one of the rarest natural elements, and uranium ores contain only about 100 [xg of the element per ton. Thus, before 1946, chemical information on polonium consisted only of (mainly indefinite) deductions based on the behaviour of trace-level amounts of the element. However, weighable (milligram) amounts of 210Po became available in 1952-53 from the irradiation of bismuth with neutrons from the high fluxes of nuclear reactors. By the application of suitable micro-techniques, it then became possible to isolate characterizable compounds of the element on the 100-200 pg scale. The very high specific a-activity of this isotope (1013 d min-1 mg-1) gave rise to quite formidable difficulties, both with the chemistry of the new compounds (where radiation decomposition was a major problem) and with the need for frequent purification of the polonium (resulting from the growth of decay lead in it at the rate of 0.5% per day).
Polonium is one of the most dangerous radioactive materials, owing to its complete and selective absorption in the spleen, kidney and liver. The maximum permissible body burden is represented by a single dust particle weighing about 10-11 g. Consequently, it has to be handled in a totally enclosed leak-tight system-usually a glove-box. Unfortunately polonium diffuses through the rubber gloves within a few days, and surgical gloves have to be worn by the research worker as an additional protection. However, the facilities specified by Spence in the design of his Radio-chemical Laboratory at Harwell were capable of being adapted even to this extremely hazardous work. Dr K. W. Bagnall (now Professor of Inorganic Chemistry at Manchester University) who with the help of J. H. Freeman was responsible for the preparation, purification and X-ray characterization of most of the known polonium compounds (more than 40)* thus clearly established that the chemistry of polonium had a close similarity to that of tellurium, but with more metallic character. Work of this dangerous nature, particularly the handling of small fragile articles like micro-filter sticks and X-ray capillaries in double gloves, needed a good deal of practice and patience, and naturally had its ups and downs. In Professor Bagnall's recollection, Spence's sustained support and personal interest in the polonium work was an essential feature, and his continued commitment and concern provided the necessary encouragement when things went wrong in the laboratory. Bagnall recalls that once when there was an explosion and fire in one of the glove boxes, Spence was very nearly the first to arrive on the sounding of the alarm!
(ii) Protactinium
Another of Spence's major scientific achievements consisted in organizing the recovery of about 125 g of protactinium (231Pa) from the uranium production wastes which had accumulated at the factory in Springfields and setting in train an extensive study of the chemical and other properties of this element. 231Pa, discovered in 1918 (independently by Soddy & Cranston and by Hahn & Meitner), is the longest-lived isotope of protactinium and the only one suitable for studies on the macroscopic scale. It is a member of the 235U-decay series and as such occurs naturally:
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7.04 x 108 y 25.52 h 1 g of 231Pa is thus contained in 3 tons of natural uranium. By 1935, when Spence was at Leeds, a few hundred milligrams of the element had been isolated (largely by the efforts of von Grosse and his collaborators) and he remembered his early discussions with Whitlaw Gray at Leeds about this chemically interesting element, when vast quantities of uranium ores were processed at Springfields to make the uranium fuel for the Windscale reactors.
As the resources of the small inorganic group at Harwell in the late 1950s were fully stretched-notably by the work on polonium-Spence arranged for a research contract to be placed with Cambridge University for the purpose of investigating the distribution of 231Pa among the various residues of the Springfields refining process, as well as the chemical factors which influence this distribution. It was found in 1954 that a substantial amount (26%) of the protactinium had accumulated in the so-called 'ethereal sludge'. Tens of tons of residues had accumulated, and a process was developed and tested on a scale involving some hundreds of kilograms of the sludge (Goble, Golden, Maddock & Toms 1960) .
It was by no means easy to persuade the Research and Development Branch of the U.K.A.E.A. Industrial Group to divert effort and manpower from their more pressing technological problems, but in the end Spence prevailed, after providing Harwell staff for the support of the operations and obtaining agree ment that Harwell would pay the cost of the Industrial Group effort. In the end all the 'ethereal sludge', about 60 tons, was processed and 126 g of 231Pa were recovered (Collins, Hillary, Nairn & Philips (1962) . The final purifications of the highly radioactive material (231Pa has an a-activity similar to that of 239Pu) were carried out at Harwell (Jackson, Rogers & Short 1960) and led to a product of 99.5% a-purity and a chemical purity of better than 99.7%. This isolated protactinium still, today, comprises the total stock of the world.
This achievement had a profound effect on the elucidation of the chemistry of protactinium. In addition to the extensive studies in the Radio-chemistry Laboratory at Harwell by D. Brown and his collaborators (see Brown 1969) , material had been made available to scientists throughout the world, and this resulted in a very rapid expansion of our knowledge of the properties of this element. The Harwell investigations were concerned principally with the elucidation of the preparative and structural chemistry of protactinium, since at that time (around 1960) only very few solid compounds were known. These then led to comparative studies covering the actinide elements from thorium to plutonium, as well as other Group V elements like niobium and tantalum. Major contributions have been made in the preparative chemistry of Pa(v) and Pa(iv) (oxides, halides, oxy-halides, complexes with donor ligands, chelate chemistry, etc.) as well as the preparation of metallic protactinium. International collaboration (Liege, Munich, Padua, Berkeley) and collaboration with British universities (Manchester, Sheffield, Leicester) has extended the scope of the work, notably on the thermodynamic properties, on the structural aspects and more recently on the bonding in Pa-compounds and the physical properties of the metal.
It is worth noting that the research work generated by the isolation of this large amount of 231Pa has provided the material for three international con ferences devoted to protactinium chemistry: at Gatlinburg, U.S.A., in 1963, at Orsay, France, in 1965, and at Schloss Elman, Federal Republic of Germany, in 1969.
I n th e D irectorate of H arw ell
In 1960 Spence accepted the invitation to become Deputy Director of Harwell. The post had been offered to him several times before by the directors then in charge: in 1950 by J. D. Cockcroft, in 1958 by B. F. J. Schonland. But he had always refused, on the ground that his work as head of the Chemistry Division and as Chief Chemist would be of more value to the Authority's reactor pro gramme. But his refusal to become formally Deputy Director certainly did not save him from having to do the work of one: in 1958, Schonland wrote to Spence:
'As Chief Chemist, I shall ask you to carry out such detailed examination as I may require on the present and future scientific programmes of (a) the Chemistry Division, (b) the Chemical Engineering Division, (c) the Isotope Division (at Wantage) and (d) the Radiochemical Centre, Amersham. Such examinations, etc. etc., will be carried out by you as my representative and you will report to me. If the Head of the Division does not agree with your recommendations, he will have an opportunity of seeing us together... etc.' Superimposed on the full time job of directing a Chemistry Division of several hundred scientific professionals, and coordinating its work with the requirement of the U.K.A.E.A.'s Industrial Group, these extra duties might have seemed to present a considerable strain. But Spence accepted them with equanimity: 'I shall be quite happy to work along these lines. ' However, in 1960 F. A. (later Sir Arthur) Vick, after a relatively short period as Deputy Director to Schonland, took over the directorship of Harwell. Vick's previous experience had been largely in university administration. As he himself writes:
'When I took up my appointment as Director of A.E.R.E., Harwell, in September 1960, Dr Spence was the natural choice to succeed me as Deputy Director. He commanded respect not only within the Establish ment but widely outside for his scientific distinction, his long experience in atomic energy research and development and for his complete integrity. One of my first acts was to form a "directorate" consisting of Spence, Mr L. Grainger (Assistant Director with special responsibility for applied research), Mr R. F. Jackson (Chief Engineer) and Mr T. B. LeCren (Group Secretary). We met regularly to discuss informally not only the current problems but also possible ways ahead for the future and the best use of senior personnel. The meetings and my continual contacts with the members of the "directorate" were, of course, of considerable help to me, a relatively new recruit to atomic energy research and development, but they were also designed to enable all of us to operate within a common framework and understanding. In these discussions Spence was quite admirable. While still deeply interested and involved in science he brought to a wide range of problems a critical and penetrating mind and, where personnel were involved, a humane approach.' It is pertinent to add here a short recollection of Mr R. F. Jackson, then Chief Engineer, and a member of Vick's 'directorate'. ' Spence would usually preface a most penetrating question by the disarming comment that although he did not know much about engineering or administration or whatever it might be, it seemed to him that we should consider "so and so". He usually succeeded in putting his finger on a most relevant point, and would gently persist, until it had been fairly considered and he had heard a sensible answer. I recall his very loyal support to Vick, his boyish enthusiasm for things which really excited his attention and his unfailing courtesy to all who dealt with him.' Sir Arthur's letter continues: 'Spence's loyalty to the Establishment (and to the U.K.A.E.A. as a whole) and his devotion to his work shone through everything he did: nothing was too much trouble for him if he felt the Establishment would benefit. He represented A.E.R.E. at many management and technical discussions in other Groups of the U.K.A.E.A. where he was welcomed and trusted, and one of his main concerns was to ensure as far as possible that decisions made were based on sound scientific principles and with a full knowledge of the relevant facts. He was the vehicle of much valuable collaboration between Authority Groups and Establishments, and during our "director ate" discussions he was concerned to see that scientific programmes were kept under review with clear objectives in mind, while at the same time reserving enough effort to lay scientific foundations on which later to build long-term needs.
'In 1964 I became full-time Member for Research for the U.K.A.E.A. and Spence succeeded me as Director of Harwell to the satisfaction of the whole Establishment. It was a difficult period and it was natural that Spence did not welcome some of the changes in Harwell which reviews of priorities and programmes in the whole Authority made desirable or necessary, but everyone knew that his loyalty, integrity, capacity for hard work and deep understanding of scientific principles could be relied upon completely. The staff were confident that he had their best interests at heart. He continued to influence the scientific work of the Establishment and to do everything within his power to maintain its high reputation. A.E.R.E. and U.K.A.E.A. as a whole owed more to him than they realized at the time. ' The period of Spence's Directorate ) was a very difficult time for Harwell, from every point of view. Before 1954 the atomic energy research project, part of the Ministry of Supply and securely financed by it, had neverthe less had a large measure of autonomy, and when necessary Cockcroft could discuss problems directly with the Minister himself. With the completion of the initial military programme and the formation of the U.K. Atomic Energy Authority in 1954, this honeymoon period ended. The momentum of the wellorganized research effort carried on well beyond the completion of the first commercial power reactors. But then the economic and political pressures caused by the country's financial and industrial weakness began to show up: the Treasury felt that too much money was spent on curiosity-oriented research, the universities felt that they were getting too small a share of what the country could afford, and within the U.K.A.E.A. the different groups were contesting their roles and their share in the allocation of finance.
As a result, Harwell was pulled in three different directions-sometimes simultaneously in all three: Spence had always stressed the importance of (a) and was not attracted to (b). He would have been in favour of a combination of (a) and (c), if a major field of long term national importance were designated. However, diversification was beyond the Authority's legal powers (until 1966) . His task was made difficult, if not impossible, by the fact that in the mid-1960s the Production Group and the Reactor Group (with their headquarters at Risley) did not seek Harwell support for long-term nuclear technological research. Those in charge apparently believed that there were no major technological questions to which the answers should be sought from Harwell.
A typical example was the stoppage of Harwell work on 'ultimate fission product disposal', the so-called 'fing a l process'. This had been developed over many years and had reached a stage where large scale tests with highly active fission product solutions converted these into unleachable glass blocks. The stoppage of this work was strongly opposed by Spence who foresaw that conditions might arise in the future which would make it undesirable to accumulate these potentially dangerous liquors in ever-increasing quanti ties. Spence was right: ten years later it was generally recognized that too little had been done in the waste disposal field by the Authority during that period.
Spence's difficulties were the greater because the organization of Harwell was not designed for a period of decline. Cockcroft had planned it as an establishment essentially 'academic' in outlook, with most of the executive power in the hands of the heads of large divisions. This system worked well enough during the period of expansion, when everyone had plenty of scope for progress. But it did not give the Director the possibility of exercising control over the activities of the divisions, if and when he wanted to. The gearing of Harwell talent towards industrially 'relevant' developments (as opposed to work of 'scientific excellence') was therefore uncertain and rather ad hoc.
When Spence became Director in 1964 and even before that, the idea of a strong Directorate as an essential step towards a better link between Harwell research and the industrial reactor programme was increasingly realized. Though initially against the creation of the Big Pyramid, as he called it, Spence later did all he could to bring about this transformation, which would have facilitated Harwell's reorganization on the lines of an industrially oriented research institute. He did not succeed, largely because some members of his Directorate, instead of supporting him in this difficult task, apparently worked against him.
As one of the writer's contributors put it carefully: 'I don't know the inside story, and I have always felt I didn't want to know it.' It was this fact which caused Spence to resign in 1968. The loss of his unmatched experience in the whole field of atomic energy and of his outstanding personal characteristics was keenly felt by his remaining colleagues in the years to come. During Spence's directorship a number of important changes were beginning to take place:
'Diversification' was slow in developing and had to wait for the Science and Technology Act of 1965, section 4 of which authorized Harwell, subject to a requirement from the Minister, to diversify into other fields of research not connected with atomic energy. Even after that, the detailed rules of working the Act were only slowly released by the ministers concerned. In the meantime, Spence worked hard to establish fields of diversification of sufficient magnitude to form a task appropriate to the available research effort at Harwell. He singled out the exploitation of marine and sub-marine resources as one worth-while subject, for he realized that legislation regarding the ownership of the submerged Continental Shelf had virtually doubled the area of this island. He saw that this would provide a new technological challenge for the country. He was influential in arranging a major conference on The Technology of the Sea and the Sea bed, sponsored by the Ministry of Technology and held at Harwell 5-7 April 1967.
This wide-ranging conference proved of great significance. In some way Spence was ahead of his time in taking this initiative and, after the usual period of argument about departmental responsibilities, the 'Marine Technology Support Unit' (m a tsu ) was eventually set up at Harwell in November 1968 . By this time Spence had left Harwell, but it is doubtful whether the formation of m atsu would have taken place without his initiative, m a tsu has now expanded into a sizeable operation, working in close contact with both the Department of Energy and the Department of Industry. Research and development relevant to marine technology now constitutes a healthy and growing part of Harwell's activities.
Biographical Memoirs
7. I n d ia n sum m er at C a n ter bu r y 1968-73* It was indeed sad that Spence, who had made such an immense contribution to Harwell, should have found his last few years there uncongenial. He was glad to accept an invitation from the University of Kent at Canterbury to go there in 1968 as Professor of Chemistry and Master of Keynes College. It was a daring decision. Spence was now 62 and it was thirty years since he had taught in a university. Students had changed greatly since then and 1968 was the beginning of a period of world-wide student turbulence which spread before long to Kent.
Moreover the University of Kent was only three years old and very different from the stable, established, civic university pattern of Leeds. Students and staff were distributed between the three (later four) colleges which were intended to form the basic communities in their lives, but the colleges were not teaching units and had no private sources of funds. When Keynes College opened there were many divisions of opinion among staff as well as students about the character and style of the College.
It was not a promising outlook for Spence but, although his five years at the University did indeed bring more troubles than he could ever have expected when he accepted the post, the years were happy ones for him and his wife, Kate. Whereas their home life at Harwell had been very private and well away from the Establishment, now they lived 'next to the shop' in a small, new (and not very convenient) house with a splendid view of the Cathedral and just beside the College. This drew Bob and Kate Spence even closer together for he was able to slip home frequently during the day. It also meant that Kate was able to join him in presiding at the weekly college guest nights which they both greatly enjoyed and rarely missed; having stayed to the very last they would walk home arm-inarm. Likewise they took pleasure in their regular 'at homes' for college staff and students.
Spence's greatest achievement was to implant, from the outset, an attitude of deep tolerance and mutual forebearance into a college composed of disparate elements. He listened with great patience, interest and attention to every opinion whether radical or traditional. For example, after students had secured representation on the executive committee of the College, one of their leaders seemed to take singular pride in being disrespectful to the Master. From the chair, however, Spence showed his customary courtesy and insistence on argument rather than invective or emotion; by continuing unruffled he lowered the temperature of the meetings. Spence's coolness and his patient and equable temperament were the best weapons in those days of confrontation. Nevertheless, he was never afraid of challenging student militants in public when he felt they had gone too far. He felt deeply that academic freedom was threatened and often recalled the 1930s and the failure of appeasement.
Throughout Spence remained deeply concerned for the personal welfare of the students who gave him such a troublesome time. Those in difficulties found him sympathetic and understanding, and he soon came to accept the changing values in their private lives. He had a very easy rapport with all but a few of the student officers and was indeed remarkably successful in adjusting from Harwell to a life centred on young people. He had less patience for senior members who failed to take account of the universities' changed economic circumstances and continued to expect services and amenities appropriate to a more privileged age. He conscientiously endured rather than enjoyed the endless debates about administrative minutiae, for example about catering organization, while the committee work of the Senate and University did not command his main interest which remained focused on the College and its students and on his teaching. When the Spences returned for a reunion of former Keynes students in 1975 the enthusiastic ovation they received was a token of the great admiration and affection they had inspired.
Spence's personality alone left an enduring mark on Keynes College. He had besides given great thought to the most appropriate way to commemorate Lord Keynes and had finally launched the idea of a Keynes seminar, when papers would be delivered on some aspects of Keynes's interests before an audience of invited scholars, members of the Keynes family and the public. The first very successful seminar was held in November 1972* and Dr and Mrs Spence revisited the College for the second seminar in 1974.
Spence also gave a good deal of thought to his responsibilities as a professor of chemistry. A 'Chemistry with control engineering' honours degree was introduced, with Spence as by far the most suitable chairman for its Board of Studies. He played a vital part in setting up the new course, contributed lectures on natural resources and on the importance of control, and supervised experi mental projects. As an active teacher of the course, he took considerable interest in the progress of students, and maintained this interest after his retirement from the University. He often expressed the wish that, one day, Keynes College would be less demanding of his time, so that he could spend more of it in the laboratory, his preferred working environment.
All in all Spence was the most distinguished member of the University at this period but also the most modest.
Immersed though he was in his work at the University of Kent, Spence retained wide interests in atomic energy and the world of science; he would reflect on them in conversation with great wisdom and judgement and he gave inestimable help to Professor Margaret Gowing when she was writing her history of atomic energy mentioned above. He remained chairman of the Royal Society Scientific Research in Schools Committee and served on the panel for individual merit promotions in the Government Scientific Service.
Spence retired from the University of Kent in June 1973 and returned to Harwell village where he modernized his home with his own hands. He continued to enjoy vigorous walking holidays with his wife in the Yorkshire Dales. His looks, energy and vigour belied his age, so the shock of his sudden collapse in December 1975 from hitherto unsuspected lung cancer was all the greater. He died at home among his family on 10 March 1976.
P ersonal
Robert Spence was a very quiet and unassuming person. He kept his private life very much to himself and this may account for the fact that almost nothing is known about his ancestry or even his parents. He was most conscientious and altruistic, without being a practising member of any particular communitybut his three children were baptized. His general attitude to life was liberal and perhaps left of centre, but utterly non-political in the 'party' sense. He devoted much time and energy to his family; he displayed a daily interest in his children's thoughts and activities, he encouraged them in their own interests and taught them to rely on their common sense in making decisions. He had no personal ambitions and devoted all his energy and most of his spare time to professional activities. He was clearly concerned with the general good and with the national progress of science, technology and education. In his decisions he was very consistent and all of a piece, and utterly devoid of any prejudices whether social, religious, racial or educational. I remember a little discussion in which I suggested that it would be a good thing if M.Ps after their election were given first a one-year course in history, geography and economics before being allowed to speak or vote in the House. His reply was characteristic: 'And what makes you think that educated people have more common sense than others ?' Though consistently courteous and helpful towards all his colleagues and friends, he did not seem to have felt the need for very close associations, and only rarely discussed his personal problems. Probably the only people with whom he had a special lifelong relationship were Hugh Stott Taylor in Princeton and John Cockcroft. His personal feelings for the latter are clearly apparent from the addresses which he delivered on the occasion of Sir John's sixtieth birthday when he retired from Harwell, and finally at the Memorial Service in Westminster Abbey. The qualities Spence admired most in Cockcroft (apart from his personal qualities) were that as a man of affairs and a scientist he stood up so well 'to the corroding and soul-destroying influences of power and politics' and that he was concerned with 'power over Nature rather than power over men, and with the establishment of truth rather than of policy. ' There is no doubt that these were also the principles of Bob Spence and that they were the basis for the deep personal affection which all his friends and colleagues at Harwell and many others elsewhere felt for him.
In formal meetings, Spence was an excellent chairman, patient but determined and always well prepared. With a deep sense of toleration and invariable courtesy, he would closely listen to any debate, without interrupting even the most dubious opinions. As he said once: 'Even an ordinary remark can generate a new and valuable idea in one of the listeners.' At the end of a debate he would sum up, with complete integrity of purpose and with an uncanny penetration, the essential conclusions which he and others had reached. It was this understanding and sympathy for other people which cemented the enduring affection of his colleagues. His way of life, his integrity and his judgements on technical and administrative problems were highly valued by successive Harwell directors. Sir John Cockcroft, Sir Basil Schonland and Sir Arthur Vick, all men of the highest personal qualities, invited him to be their deputy and successor. It was possibly a mistake that Spence did not accept Cockcroft's offer in 1950 when the general conditions were at their best. Perhaps Spence thought that with so many urgent technological problems at hand he could not safely leave the Chemistry Division without risking a failure to achieve the national targets. We shall never know for certain. It is just conceivable that had Spence become Cockcroft's direct successor as Director of Harwell some of the later fateful developments might never have occurred. For one thing, Spence seems to have had a clearer appreciation than even Cockcroft had that Harwell's atomic future depended on 'materials research' rather than on expensive nuclear physics machines, which latter substantially distorted the financial position of atomic research, until the responsibility for high energy physics was eventually hived off to the Rutherford Laboratory under the Science Research Council. But one thing is quite certain: while he was in charge of research and development at Chalk River and Harwell he achieved a rate of progress and a success which were acknowledged all over the world. He was quite outstanding as a leader of men. Every one of his collaborators including Sir John Cockcroft would, I am sure, gladly subscribe to the tribute paid to him by Lord Hinton of Bankside, another great man in the British atomic energy project: 'It was a joy to work with Bob Spence; I have never met a scientist for whom I had a deeper respect.' The photograph is by W. Bird.
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